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We report on the analysis of current-voltage characteristics of regioregular poly(3-hexyl-thiophene) 
diodes. Experimental curves were fitted to two models, to take into account at low-moderate electric 
fields Schottky behaviour mixed with space charge limited current (SCLC) regime and, at higher 
fields, trap-free SCLC. The results provide a description of IV curves over five decades, along with 
the determination of zero-field and effective mobility and the field dependence prefactor. Forward 
and reverse IV measurements highlighted the presence of shallow and deep localised states inside the 
bandgap. The latter enhance the current over time and have been modelled as an inductor-like 
element. 
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Organic semiconductors have attracted interest in recent years for their potential application in electronic devices [1, 2]. 
Moreover, simple and inexpensive processing techniques are unveiling the scenario for  potentially low cost organic solar cells [3, 
4]. Poly(3-hexyl-thiophene), (P3HT), is one of the most studied polymers for organic photovoltaic devices due to its high charge 
carrier mobility (0.1 cm2/Vs) [5]. To date solar cells based on mixtures of Poly(3-hexyl-thiophene)/[6,6]-Phenyl C61 butyric acid 
methyl ester (P3HT/PCBM) have reached efficiencies of 5% [6]. 
In order to study charge transport mechanisms under the same conditions encountered in solar cells, we fabricated P3HT 
diodes using the same layered thin-film architecture as photovoltaic devices. Our analysis is based on fitting the experimental 
current voltage characteristics data using models that take into account a range of conditions from low to relatively high electric 
fields. This method is largely used to determine important transport parameters such as carriers mobilities [7, 8]. Tagmouti et al. 
[9] showed that the Schottky equation modified to take into account the series resistance [10] fails to fit experimental data when 
the voltage range considered is close to the flat band voltage. In organic semiconductors, both the series resistance and Space 
Charge Limited Current (SCLC) regime [11] must be included in the equation as reported in the following [9]: 
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here the term Vb expresses the voltage drop along the semiconductor. The current is related to the voltage Vb by the following non 
linear law: 
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here RS is the series resistance, ε0εr is the polymer permittivity, µ0 is the zero field mobility, S is the area of the device, d is the 
thickness and ϑ is a term related to the fraction of trapped carriers (ϑ ≤1). The term ϑµ0 is often referred as the effective mobility 
µeff [12] and it is affected by localised states [13], represented as a Gaussian distribution of states inside the gap [14]. This 
behaviour is modelled in the equivalent circuit with resistor and capacitor elements [15, 16]. Since the traps relaxation times are 
related to the energy of the localised states [17] the equivalent circuit model varies with the bias voltage used [18].  
At high electric fields (for P3HT of the order of 1x105 V/cm [19]), the SCLC regime becomes predominant and the log(I)-
log(V) plots are linear. The effects of traps on the charge transport can be neglected because all the traps are filled [8, 20]. The 
equation relating the current to the voltage is then the following 
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In this regime the mobility can be dependent from the electric field, according to the law [21]  
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where γ is the electric field prefactor and µ0 is the zero field mobility of the charge carriers. 
Regioregular-Poly(3-hexyl-thiophene) diodes were built by sandwiching a thin layer of polymer between a low work 
function metal (aluminium - 4.3eV) and a higher work function material such as Indium Tin Oxide (ITO - 4.8eV). The Schottky 
barrier was formed at the junction between aluminium and P3HT, due to the mismatch between the work function of the metal 
and the HOMO level of the polymer (5eV). ITO substrates were cleaned and patterned before the deposition by spin casting of 
P3HT (Aldrich) dissolved in chloroform (concentration 20mg/ml). The devices were annealed for 30 minutes at 120°C. A layer of 
approximately 100nm of aluminium was deposited by thermal evaporation as cathode contact on top of the P3HT layer. 
The experimental current voltage characteristic, collected in the dark and at room temperature, is shown in figure 1(a).The 
current was measured with a relative error smaller than 1% and fitted to Eq.(1) from 0.12V to 1.5V (solid line). Within these 
limits, both low and medium-high electric field regimes are included in the analysis. Figure 1(a) shows that P3HT diode’s 
behaviour can be modelled with Eq. (1) over an extended voltage range, obtaining a good fit (R2=0.9998) for a range of current 
values spanning over five orders of magnitude. This result confirms that the junction between P3HT and Al forms a Schottky 
barrier, whose electrical behaviour can be modelled with Eq. (1) that includes the series resistance and the voltage drop due to 
trap limited SCLC. The model takes into account non ideal phenomena affecting the transport, predicting the current dependency 
from the voltage applied. From the fit, the value of the ideality factor η results 2.19±0.02, slightly above the recombination limit 
and consistent with previous results for organic semiconductors [22] and in particular for P3HT [23]. The series resistance, 
calculated from parameter B, is RS=7.07±0.82x105Ω whereas, the parameter C value is 1.65±0.01x10-5 A/V2. C can be used, in 
conjunction with the zero-field mobility, to evaluate the term ϑ  related to the trapped charges. 
At high fields, the zero field mobility can be determined from the plot of J0.5 versus the V-Vbi as reported in Figure 1(b), 
where Vbi is the built in potential extracted from the IV curve. From the fit we find µ0=2.84±0.09x10-5 cm2/Vs and 
γ=3.59±0.07x10-4 m0.5/V0.5. Both values are in good agreement with literature results [19]. According to these values, we 
calculate the parameterϑ, confirming the mobility degradation to less than 2% of its zero-field value because of the trapped 
carriers. According to Eq. (3), B and C can be used to calculate the voltage drop Vb and consequently, the junction voltage Vj from 
the difference V-Vb. Figure 2 shows the plot of Vj and Vb vs. V. It can be observed that the voltage applied increases from 0V to 
0.5V without causing any consistent voltage drop across the polymer. Over 0.5V, the junction voltage rising rate decreases and at 
V=1.4V, Vj reaches the saturation value of 0.768V. The collection of pair values of I and Vj can be fitted with the simple non-
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modified Schottky diode equation (R2=0.9980), leading to a threshold voltage value of 0.691V, close to the theoretical flat band 
voltage value (0.7V).  
The strong presence of localised states, evidenced by the degradation of the mobility, was detected during forward and 
reverse IV measurements, when the current was continuously recorded while scanning the voltage from 0V to an upper voltage 
limit (2V or 5V) and then decreased back to 0V. The resultant IV characteristics are reported in figure 3(a). The current shows 
lower values on the return path when the upper limit of the applied voltage is 2V, indicating a reduction of charge carriers due to 
trapping in localised states. The opposite behaviour is observed when the upper limit of the voltage applied is raised to 5V. 
To highlight this behaviour, we performed current vs. time measurements where the voltage was applied at constant values 
for 600s and the current was recorded every 500ms. Figure 3(b) shows that when the voltage applied is 1V the current slightly 
decreases with time, passing from 5.65±0.03x10-7 A to 4.97±0.02x10-7 A. When the voltage is stepped up to 5V, the current 
increases with time, passing from 1.37±0.05x10-3 A to 3.81±0.01x10-3 A, evidencing an inductor like behaviour. The same 
inductor like behaviour is observed again after the voltage is suddenly stepped down to 0V when we observe a change in the 
current flow direction (the current sign is reversed in figure 3(b) for values over 1200s). This inductor like behaviour, previously 
observed by Takshi et al. [24], can be explained considering the inset in figure 3(b), where a Gaussian distribution of slow deep 
localised states acting as donors has been represented inside of the band gap of the polymer. 
When the applied voltage is 1V, the Fermi level shift is too small to reach the localised states band within the P3HT gap. 
These states are neutralised and the charge transport is affected by ordinary traps (not represented in the figure). At higher electric 
fields, donor-like states are charged, enhancing the tunnelling of charge carriers and increasing the current. As reported in the 
band diagram of the third time zone (1200-1800s), when the Fermi level is forced to return to the 0V position, the partially filled 
localised states remain away from their equilibrium population and thus a current flow in the opposite direction occurs to empty 
the charged states and restore equilibrium. The current rise with time at 5V was fitted using the typical exponential growth law 
encountered in a resistor-inductor (RL) circuit. The analysis (R2=0.9989) yields a value of 316±1x103 H for the inductance L and 
of 1247±1Ω for the resistance R. 
In summary, the experimental current voltage characteristics of RR-P3HT diodes have been fitted over an extended voltage 
range to determine several transport parameters, performance degradation due to defects and voltage distribution trends across the 
device. Good results evidenced the possibility to predict the current flow dependence from the voltage over an extended range, 
even in presence of non ideal phenomena such as trap limited SCLC and series resistance. We also observed an inductor-like 
behaviour due to charge transport enhanced by tunnelling through charged donor-like states. Controlling the distribution of 
localised states inside the band gap could lead to the possibility of including elements with high values of inductance in small 
volume devices, extending the versatility of P3HT as organic semiconductor for electronic applications. 
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Figure 1. (a) Current-Voltage characteristic of RR-P3HT diode for forward polarisation (open circles). Numerical fit (R2=0.9998) was obtained by using Eq. 
(1) (solid line). (b) High field current-voltage characteristic of the RR-P3HT diode where the square root of the current density J0.5 is plotted vs V-Vbi. The 
experimental data (circles) are reported along with the fit (solid line) calculated using Eq. (4) and (5). 
 
Figure 2. Junction voltage Vj (tringles) and voltage drop Vb (squares) plotted versus the voltage V applied to the device. At low electric fields, the entire 
voltage applied is localised onto the Schottky junction between the polymer and the metal and there is no voltage drop on the bulk semiconductor. At higher 
electric fields, the junction voltage Vj saturates at 0.768V whereas Vb increases nearly linearly with V. 
 
Figure 3. (a) Current loops recorded varying the upper voltage limit. Forward (squares) and reverse (circles) characteristic do not overlap because of the 
presence of defects affecting the charge transport. (b) Diode current (circles) vs time measurement. The voltage applied (dashed line) starts at 1V, rise to 5V and 
then drops to 0V while the current is recorded every 500ms. For each time/voltage zone, the band graph shows the Fermi level and the localised states band 
population. The current sign is shown inverted in the last time zone for graphical clarity. 
 
